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ABSTRACT 

The principles of scaling are described, including the 

convention of scaling some material property.  In particular, semicon- 

ductor doping density is scaled inversely with linear dimensions. 

Electrical scaling exists, by definition, when electrical properties 

obey some prescribed proportionality to mechanical dimensions. 

The scaling of transmission lines, field-e'ffeet transistors, 

and bipolar transistors is examined.  Transmission lines exhibit a 

delay time associated with series resistance and distributed capaci- 

tance which is a function of geometry but not of scale, on the order 

of 10   seconds for typical interconnections.  Electrical scaling 

is valid for field-effect transistors, providing doping is scaled 

inversely with linear dimensions.  For this convention, delay time 

scales linearly, and area power density is invariant with scale.  Simple 

electrical scaling is invalid for bipolar transistors. 

The range of dimensions for which electrical scaling will 

no longer be valid for the recently developed insulated-gate field 

effect transistor is not known.  Continued investigation of the 

physical phenomena associated with a conducting channel parallel and 

close to a semiconductor-insulator interface, and of the dependence 

of these phenomena on fabrication techniques is indicated. 

I 



1.  INTRODUCTION 

Examination of the principles of scaling in the context 

of recently developed field effect de.vices   indicate that much is 

to be gained by further refinement of fabrication techniques and a 

more thorough understanding of the silicon-silicon dioxide interface. 

These principles and their limitations are discussed below^ and where 

appropriate, referred to the premises and findings of Scientific Report 

No. 1, "Maximum Packing Density of Non-Redundant Semiconductor Devices", 

March 31, 1961. 

2.  PRINCIPLES OF SCALING 

To scale, as defined here, is to alter the dimensions of 

a device in prescribed proportions.  One may, in principle, also 

alter material properties:  for example, materials of varying 

dielectric constant might be chosen in accordance with some linear 

dimension.  In semiconductor devices, the scaling of doping density 

constitutes alteration of material properties. 

Once the rules of proportion are prescribed, the depen- 

dence on scale of the device electrical parameters may be predic- 

ted, and the physical phenomena most likely to limit the range of 

dimensions for which these parameters follow a prescribed proportion- 

ality to device dimensions may be ascertained.  Within this range, 

electrical scaling is said to be valid. 

2.1  TRANSMISSION LINE 

The mechanical dimensions of the transmission line in 

question are scaled in equal proportion, linearly with an arbitrary 

(1)  Quarterly reports. Contracts AF19(604)8040, AF19(604)- 8836, 
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reference dimension.  This is indicated by the degree of proportion- 

ality in parentheses:  (1). Conductivity and dielectric constant are 

assumed to be constant. 

Thus: 

length (1) 

conductor spacing^ etc. (1) 

conductor area (2) 

conductivity (0) 

dielectric constant (0) 

surge impedance (0) 

electrical length (1) 

total shunt capacitance (1) 

total series resistance (-1) 

total series inductance (1) 

lumped impedance time constant, L/R (2) 

lumped impedance time constant, RC (0). 

The last item indicates that for a given geometry of interconnections 

when scaled to very small dimensions, a lower-limit time delay is 

encountered.  This is on the order of 10    seconds for geometries 

typical of integrated logic nets, and for optimum device impedance 

level.  Devices exhibiting awkward impedance levels, e.g. tunnel 

(2) 
diodes,    suffer greater delays. 

(2)  Tunnel Diode Balanced Pair Switching Characteristics, J. J 
Gibson, G. B. Herzog, A. S. Miller and R. A. Powlus; 1962 
International Solid-State Circuits Conference. 
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Two physical phenomena which limit the validity o;  lactrical 

scaling for transmission lines are skin effect, which leads to larger- 

than-scale resistance for large dimensions at high frequencies and 

electron scattering by defects and surfaces, which leads to larger- 
o 

than-scale resistance for very small dimensions (order of 1000 A 

conductor thickness). 

2,2  FIELD EFFECT TRANSISTOR 

Field-effect transistors, as we shall see, lend themselves 

to analysis based on scaling, while bipolar transistors, in their 

present degree of refinement, do not.  For this reason they are 

considered separately.  The mechanical dimensions of the field-effect 

transistor in question are scaled in equal proportion, and doping 

density is scaled inversely with an arbitrary reference dimension. 

As will be seen, this convention holds the operating electric fields 

within the transistor invariant with scale.  Again, the mechanical 

dimensions scale: 

length (1) 

area (2) 

volume (3) 

But now we scale doping density, and thereby fixed charge, (doping 

x volume): 

doping density (-1) 

fixed charge (2) : r The   fixed   charge   in   the   transistor   is   accompanied  by  equal   and   oppo- 

site  mobile   charge which may  be  extracted  by  applying   a   suitable 

electric   field,   as   in   the  depleted  channel   of  a   field-effect 

-% 
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transistor (or the collector depletion region of a bipolar transis- 

tor) .  On the premise that the depletion depth is to be a fixed 

fraction of some transistor dimension;, the electric fields in the 

transistor scale as (doping) x (Length), and the applied voltages 

as (field) x (length) : 

electric field (0) 

voltage (1) 

A lower limit to the thickness of the depletion region may be set 

by the Debye length, on the order of a few hundred angstroms for the 

devices contemplated. 

The capacitance associated with the. depletion region is 

proportional to the ratio of fixed charge to voltage. In reality 

it is a geometrical capacitance:  it scales linearly: 

capacitance (1) 

Mobile charges in the presence of an electric field gives rise to 

conduction when they are suitably replenished.  The ratio of the 

velocity with which they move to the magnitude of the applied field 

is the carrier mobility of the material.  It follows that the. conduc- 

tivity of a region is the product of the mobil« charge density in 

that region and its mobility.  In a region where mobility is fixed 

and the density of mobile charges is equal to the doping density, 

the scaling, then, is: 

conductivity (-1) 

resistance (0) 

For the voltage drops in these conducting regions to remain propor- 

tional to voltage applied to depletion regions, current scales 

s.. 

* 



-5- 

linearly.  Mobility is not fixed^ however, but depends both on the 

electric field and on scattering by dopants, surfaces, and defects 

in the material.  By holding fields constant regardless of scale, 

only the latter effect applies, and constitutes a limit, for 

small dimensions, to the validity of electrical scaling.  A quan- 

titative measure of this limit, particularly for conduction para- 

llel and close to a silicon-silicon dioxide interface, is a primary 

objective of our research. 

The actual power dissipation öf a transistor depends on 

its mode of operation.  Once this has been determined, the scaling 

of dissipation follows the scaling or (voltage) x (current): 

power (2) 

In an integrated net one is interested for thermal reasons, in power 

density.  For integration in a two-dimensional array, as on the 

surface of a semiconductor wafer, it is noteworthy that surface 

loading remains constant: 

area power density (0) . 

Summarizing the scaling laws for field-effect devices, with limita- 

tions cited above: 

length (1) 

area (2) 

doping (-1) 

fixed charge (2) 

electric field (0) 

voltage (1) 

capacitance (1) 
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;     I: 

current (1) 

resistance (0) 

time cons tan t^ RC (1) 

power (2) 

area power density (0). 

These relations and limitations will be discussed quantitatively 

following a review of bipolar transistor scaling relationships. 

2.3  BIPOLAR TRANSISTOR 

In bipolar transistors^ or in general where minority 

carrier injection is employed, regions exist into which carriers 

are injected over a barrier and from which carriers flow by diffusion, 

The injected charge in such a region is proportional to the injec- 

ted current and to the square of the thickness of the region. 

Efficient injection requires  a high ratio of emitter doping to 

the sum of base doping and injected charge density.  Thus, any 

simple scaling of current and doping is unrealistic.  On the 

other hand, the barrier voltage over which injection must occur is 

relatively fixed, which in turn fixes a lower limit for operating 

1 
collector  voltage   in   switching  applications.     This   limit,   a   few 

volts,   has   been   reached   in   present   operation  of   silicon   switching 

transistors,   and   it   too   invalidates   further  electrical   scaling. 

*   High   injection   efficiency   is   one   of   the   benefits   that   would   derive 

from  an   emitter   region   of   wider   band-gap   than   the   base   region. 

The   fabrication  of   a   transistor   incorporating   such   an   emitter 

remains   a   formidable   task. 

i 



The  switching delay   for  bipolar   transistors   comprises 

se-vjt>l Wt^erms:     transit  time  delays^   diffusion-limited  delay, 

iigtiisge" l"''1   time,   as  well as   delays  associated with   simple  capacitance 

chaijing- • -    Refinements  in   fabrication   techniques  have   ameliorated 

vailsis t'Jt«erms  in   turn,   and   focussed   attention  on  others.     As   a 

cor0|uen'M»«fe3   one  niay  estimate   that major   improvements   in  switching 

tlmiU-^  not be   gained by   scaling.     Further   area   reduction  at 

conilmt       ;power density appears   quite   feasible. 

tedf te 

rUa:UTED-GATE  FIELD-EFFECT  TRANSISTOR ANALYSIS 

A  detailed  description  of   the  recently  developed   insula- 

t'ield-effeet   transistor will  be   issued   as   a   scientific 

repKt ia/irii the associated   contract AF 19 (604) - 8836   "Integrated  Logic 

NeB,"  rTIT'o provide  a  quantitative estimate   of   the   benefits   to  be 

dented Ö ^f-f0™  scaling,   a  simplified   analysis   is  made   here   of  a 

soiB'iat   :    idealized   structure  based   on   the   same  principles,   as 

ilkitraO1 ted   i-11 Fig-   ^ ■     The   following   symbols   are   employed: 

- 2 
t, channel   doping,   coulombs-cm 

j channel   length,   cm   (direction   of   current   flow) 

tf channe1   wid th,   cm 

c insulator   thickness,   cm 

insulator   dielectric   constant,    farads-cm 

u ■ , • 2        ,    -1 -1 channel   mobility  cm     volt       sec 

1 

Xhnolt*^ sSe   required   to  pinch   off   the   channel   is   sum   of   the   voltage 

ap»iiriiiäri 8 across   t:'le   silicon  depletion  region,   the  voltage   across 

.U 
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METAL GATE 

INSULATOR 
(SILICON  DIOXIDE) 

SHALLOW, LIGHTLY DOPED 
CHANNEL (n-TYPE) 

HEAVILY DOPED SOURCE 
DRAIN (n + ) 

NEAR INTRINSIC 
SILICON  SUBSTRATE(p-) 

FIG. I   INSULATED GATE  FIELD EFFECT TRANSISTOR (SCHEMATIC) 
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the insulator ascribable to immobile surface states at the silicon- 

insulator interface  and the voltage across the insulator ascribable 

to ß.  In the ideal .ase^ only the last t .>nn exists, and for 

V pinch-, ff voltage, volts 

V = ß s/k. 

If the gate is biased so as to create no depletion region and the 

voltage, V, is applied between source and drain, a lateral field E, 

will exist, giving rise to a mobile charge velocity, v, and current 

I.  Any contact resistance in series with the channel will reduce 

both E and I.  In the ideal case. 

E 

E = V/d = ßs/kd 

lateral field, volts cm 

mobile charge velocity, cm sa: 
-1 

channel current, amperes 

channel conductance, mhos 

v = (oE 

I 

I  = 0VW 

also,G 

G = I/V = nßw/d. 

If the current, I. is employed to deplete a channel of 

charge ßwd, the associated delay, 1, is 

T delay, seconds 

T = rwd/1    = d/v 

T may be Identified as the channel transit time. 

A measure of the power consumed in the device is the pro- 

duct of V and I; 

P characteristic power, watts 

P . VI 
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By substituting appropriately^ this may be expressed: 

P = (E2kv d/s) (dw) 

The first factor is the area power density^ dependent only on the 

design electric field, E and the consequent velocity,v , and on the 

ratio, d/s; the second factor is the channel area. 

Present experimental devices have the following approxi- 

mate dimensions: 

-7 - 2 ß 10   coulombs cm   (estimated) 

d 0.0017 cm 

w 0.13 cm 

s 3 x 10"5 cm 

- 13 - 1 
k 4 x 10    farads cm 

The electrical characteristics for such a device, assuming 

2     -1    -1 
H = 500 cm  volt  sec  , calculated on the idealized basis 

discussed above, are gratifyingly within reach of experimental results: 

Parameter Calculated Experimental 

V 7.5v 8v 

I 29ma 14ma 

-10 -9 
T 8 x 10   sec        4 x 10  sec 

P 230mw 112mw 

- 2 -2 
Channel Power Density   1000 watts«cm       500 watts cm 

The biggest discrepancy, that in delay, T, is accounted for in part 

by parasitic capacitance contributed by the gate electrode terminal, 

and in part by the other idealizations. 
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3.1     DESIGN  IMPLICATIONS 

The   operating   electric   fields   in   this   device   are  near  opti- 

mum   for  maximizing   speed,   since  velocity   is   approaching   terminal 

velocity^   but   the   geometrical   factor^   d/s,   could  profitably be 
II 

reduced an order of magnitude (for d/s much smaller than 10 the 

calculations of device parameters when reformulated indicate further 

reduction of d/s to be unprofitable).  Maintaining constant field 

E at reduced d/s requires a corresponding reduction in channel doping, 

ß. (ß remains invariant with scale, having the dimensions of charge 

per unit area).  Here, two factors enter.  It is desirable that ß 

be appreciably greater than the density of immobile surface-stäte 

charge at the silicon-insulator interface, and for this reason 

the measurement and control of surface states is an objective of 

our research.  Second, the effects of statistical variations in the 

doping distribution must be examined, as predicted in Scientific 

Report No. 1.   The channel charge calculated for the parameters of 

the previous section, 3.0, is 2.2 x 10    coulombs, en the order of 

Q 

10  electrons.  If, for example, 0,d, and w are decreased by factors 

4 
of 10, 10, and 100, the electron count is only 10 .  A factor that 

may prove to be mitigating is that the mobile electrons in the channel 

appear to arise not from donor impurities, but from distortion 

of the energy band structure at the si 1 icon-insulator interface. 

This too is oc interest in our research effort. 

The lateral dimenstens d and w of present experimental 

devices were chosen for convenience and are not indicative of 

fabrication limits.  Reduction of d by more than a factor of two will 

* 
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require refinements in techniques or introduction of new techniques. 

The transition between the heavily doped source-drain regions and 

the channel region must also be scrutinized.  A twenty-fold reduction 

in w should present no problems.  The limitation to scaling set by 

edge uncertainty^ as noted in Scientific Report No. 1., depends 

directly on the the fabrication technique employed. 

The insulator thickness, s, can be controlled to great 

accuracy and uniformity.  The dependence on the insulator of channel 

characteristics is more likely to set a lower limit to insulator 

thickness than edge uncertainty. 

Area power density, as noted in Section 2.1, is invariant 

with scale.  For planar integration, the ratio of the area devoted 

to electrodes, interconnections, terminals and encapsulation to the 

channel area may be on the order of 100 to 1000.  The corresponding 

area power density (again assuming reduction of ß and d/s by an 

_ o 
order   of  magnitude)    is   on   the   order   of  0.1   to   1   watt   cm      .     The 

feasibility  of   such   power   densities  will   depend   on   the   application. 

It   is   worth  noting,   however,   that   for   the   rather   extravagant   assump- 

4 
tions   which   led   to   a   total   channel   charge   of   10     electrons,   the 

dissipation  per   element   is   only  on   the   order   of   10       watts. 

4.     CONCLUSIONS 

The   principles   of   electrical   scaling   are   applicable   to 

field-effect   devices   provided   volume   doping   varies   inversely  with 

scale    (doping   per   unit   area   remains   constant).      Under   these   condi- 

tions, power   density   per   unit   area   remains   constant,    and   delay   varies 
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linearly with  scale   .     This   is   in  contrast   to bipolar   transistors, 

for  which   simple   rules   of  electrical   scaling  do not  apply. 

The   physical  phenomena most   likeIy"'to  limit   the   range   of 

dimensions   for which electrical   scaling  is no  longer ivalid  regain 

largely  unexplored.     These   include: 

1) The  mechanisms  of   conduction   in  a  channel   parallel 

and   close   to   a   semiconductor-insulator   interlace,    in particular   the 

silicon-silicon  dioxide   interface. 

2) The  modulation  of  conduction   in  such  a channel  by 

the   application   of  a   transverse   electric   field. 

3) The  phenomena   associated with   the  conductivity 

transition   (laterally)    from  a heavily doped   source-drain  region   to 

a   relatively   less   doped  channel   region. 

4) The  dependence   of   the   phenomena   in   the   three   areas 

cited   above   on   the   fabrication   techniques  employed. 

The   electrical   characteristics   of   recent  experimental 

insulated-gate   field-effect   transistors   are   comparable   to   the   charac- 

teristics  predicted   theoretically.     Furthermore,   such parameters   as 

delay   time   and   power,   when   compared   to   the   corresponding  parameters 

observed   in   silicon   bipolar   switching   transistors   of   similar   geometry 

are   sufficiently  promising   to  encourage   further   scaling   to  snaller 

ditnens ions . /' 


